Homoeologous regions of Brassica genomes were analyzed at the sequence level. These represent segments of the Brassica A genome as found in Brassica rapa and Brassica napus and the corresponding segments of the Brassica C genome as found in Brassica oleracea and B. napus. Analysis of synonymous base substitution rates within modeled genes revealed a relatively broad range of times (0.12 to 1.37 million years ago) since the divergence of orthologous genome segments as represented in B. napus and the diploid species. Similar, and consistent, ranges were also identified for single nucleotide polymorphism and insertion-deletion variation. Genes conserved across the Brassica genomes and the homoeologous segments of the genome of Arabidopsis thaliana showed almost perfect collinearity. Numerous examples of apparent transduplication of gene fragments, as previously reported in B. oleracea, were observed in B. rapa and B. napus, indicating that this phenomenon is widespread in Brassica species. In the majority of the regions studied, the C genome segments were expanded in size relative to their A genome counterparts. The considerable variation that we observed, even between the different versions of the same Brassica genome, for gene fragments and annotated putative genes suggest that the concept of the pan-genome might be particularly appropriate when considering Brassica genomes.
INTRODUCTION
Polyploidy is widespread in angiosperms and is thought to have been a predominant factor in the evolution and success of these species (Leitch and Bennett, 1997; Wendel, 2000) . Understanding the mechanisms involved in the structural and functional evolution of genomes during the process of diploidization following polyploidy is of major importance to plant biology. The availability of the complete genome sequence for Arabidopsis thaliana (Arabidopsis Genome Initiative, 2000) has enabled the outcomes of the diploidization process to be analyzed not only at the sequence level directly within the genome of Arabidopsis by the identification of related genome segments (Blanc et al., 2000; Paterson et al., 2000) , but also in relation to sequences from distantly related species, including tomato (Solanum lycopersicum; Ku et al., 2000) and rice (Oryza sativa; Mayer et al., 2001) . However, studies involving very ancient genome duplication and speciation events, such as those represented in Arabidopsis, the most recent of which, termed the alpha genome duplication (Bowers et al., 2003) , give little insight into the mechanisms involved.
The cultivated Brassica species are the group of crops most closely related to Arabidopsis, all of which are members of the Brassiceae tribe within the Brassicaceae family (Warwick and Black, 1991) . In contrast with tomato and rice, the lineages of which diverged from that of Arabidopsis ;150 and 200 million years ago (Mya), respectively (Yang et al., 1999; Wolfe et al., 1989) , the Brassica and Arabidopsis lineages diverged only ;20
Mya (Yang et al., 1999) . The lineages of the species Brassica rapa and Brassica oleracea, which contain the Brassica A and C genomes, respectively, have been estimated to have diverged representatives of the precise ancestors of natural B. napus have yet to be identified, and the breeding of rapeseed is likely to have included crosses that could have introduced into the oilseed rape germplasm allelic variation from additional sources, such as B. rapa (Qiu et al., 2006) . Comparative studies conducted at the level of genetic linkage maps revealed extensive duplication within Brassica genomes (Kowalski et al., 1994; Lagercrantz and Lydiate, 1996) , and segmental relationships were identified indicative of a mixture of single, duplicated, and triplicated genome segments relative to Arabidopsis Schmidt et al., 2001; Babula et al., 2003; Lukens et al., 2003; Parkin et al., 2003) . More recently, it was determined using a cytogenetic approach that a distinctive feature of the Brassiceae tribe is that they contain extensively triplicated genomes (Lysak et al., 2005) . Around the same time, a study based upon linkage mapping using sequenced restriction fragment length polymorphism markers demonstrated that 21 segments of the genome of Arabidopsis, representing almost its entirety, could be replicated and rearranged to generate the structure of the B. napus genome (Parkin et al., 2005) . The majority of the Arabidopsis genome (11 segments) could each be aligned to six segments of the B. napus genome, indicative of triplication in the genomes of both progenitor species. However, there were numerous examples of segments having been detected in less than six copies, and some examples of more then six segments having been identified. A broader study across the Brassicaceae has identified 24 conserved chromosomal blocks, relating them to a proposed ancestral karyotype (n = 8) (Schranz et al., 2006) . Although the most likely explanation for the structure of the Brassica genomes is paleohexaploidy followed by segmental loss and limited segmental duplication, other explanations are possible (Lukens et al., 2004) , including paleotetraploidy followed by more extensive segmental duplication. Where analyses have been conducted on targeted regions of the genomes of B. oleracea, B. rapa, and B. napus using physical mapping techniques, the results have been consistent with the fundamentally triplicated nature of the diploid Brassica genomes (O'Neill and Bancroft, 2000; Park et al., 2005; Rana et al., 2004) .
Two sequence-level studies, one in B. oleracea (Town et al., 2006) and one in B. rapa (Yang et al., 2006) , have clarified aspects of genome evolution and organization in Brassica by taking a comparative approach using homoeologous regions of the genome of Arabidopsis. Between the studies, 11 Brassica genome segments were analyzed, totaling ;2.8 Mb of contiguous sequences. The overall mean synonymous base substitution rate between Brassica genes and their Arabidopsis orthologs can be calculated as 0.51 (with a range for the individual segments of 0.46 to 0.58). Using the commonly adopted estimate of mutational rate of 1.5 3 10 28 synonymous substitutions (2000) and Rana et al. (2004) , except the B. napus clone representing Contig A, which was identified using public B. napus BAC end sequences.
per site per year (Koch et al., 2000) , The B. rapa study (Yang et al., 2006) characterized an additional segmental duplication, which occurred ;0.8 Mya, resulting in the presence of four homoeologous genome segments in B. rapa for one segment in Arabidopsis. It is likely that such events, along with the segmental deletions, will account for the observed variances from genome triplication that have been observed (Parkin et al., 2005) . In the larger study, of ;2.2 Mb of B. oleracea sequences (Town et al., 2006) , sequence annotation identified 177 genes in the B. oleracea genome segments that were in perfectly conserved collinear order with their orthologs in Arabidopsis. However, using Arabidopsis as an outgroup, it was shown that 35% of the genes inferred to be present when genome triplication occurred in the Brassica lineage have been lost, most likely via a deletion mechanism, in an interspersed pattern. In addition, evidence for the frequent insertion of gene fragments of nuclear genomic origin was identified, along with four examples of apparently intact genes in noncollinear positions in the B. oleracea and Arabidopsis genomes. Brassica polyploids can be synthesized artificially. For example, B. napus can be resynthesized by hybridization of B. rapa and B. oleracea. Such lines initially display genome instability that has been shown to persist for at least five generations of self-pollination, leading to genetic changes, in all lines studied (Gaeta et al., 2007) and has been interpreted as indicating that a high rate of genome evolution occurs in polyploids (Song et al., 1995) . These genetic changes are thought to be homoeologous nonreciprocal transpositions and were correlated with qualitative changes in the expression of specific genes and with phenotypic variation (Gaeta et al., 2007) . By contrast, only a small number of homoeologous recombination events have been observed in oilseed rape (B. napus) cultivars Sharpe et al., 1995; Udall et al., 2004) . When compared with its progenitor species at the level of genome microstructure, using hybridization-based physical mapping approaches, natural B. napus appears to show relatively little change in gene content and order (Rana et al., 2004) . One explanation for the difference between resynthesized and natural B. napus is that natural B. napus may have evolved or inherited a locus controlling homoeologous recombination (Jenczewski et al., 2003) .
The complexity of Brassica genome structure caused by multiple rounds of duplication (either segmental or the result of polyploidy), along with chromosomal-scale rearrangements and gene-level deletions, causes immense difficulty for attempts to understand the evolutionary timescales by the analysis of sequences of individual genes. To our knowledge, there have been no sequence-level analyses reported across complete sets of homoeologous segments of the genomes of a polyploid Brassica (such as B. napus) and representatives of its ancestral diploid progenitor species (such as B. rapa and B. oleracea). To fill this knowledge gap, understand more of the evolutionary processes shaping the structure of polyploid genomes over relatively short timescales, and perhaps to begin reconciling the results from natural and resynthesized B. napus, we undertook such a study. We focused on a set of related Brassica genome segments that had already been characterized by BAC-based physical mapping (Rana et al., 2004) . These represent six sets of homoeologous genome segments as described in previous studies in B. oleracea (O'Neill and Bancroft, 2000; Town et al., 2006) and an almost complete set of the homoeologous regions of the genomes of B. rapa and B. napus. In the case of B. napus, BAC clones representing both the A genome (from a B. rapa progenitor) and the C genome (from a B. oleracea progenitor) homoeologs were studied.
RESULTS

Generation of Sequence Contigs
BACs were selected for sequencing defined regions of the genomes of B. rapa and B. napus on the basis of previous physical mapping analyses (Rana et al., 2004; Park et al., 2005) 
Annotation of Sequence Contigs
Gene prediction was conducted using genemarkHMM (Lukashin and Borodovsky, 1998) with limited manual curation to resolve inconsistencies between paralogs. The B. rapa A genome and B. napus A genome and C genome sequences were newly derived. The B. oleracea C genome contigs were sequenced and published previously (Town et al., 2006) . However, recent changes to genemarkHMM necessitated reannotation of this contig to make comparisons of gene counts and other features comparable across the genome segments. Therefore, this analysis should be considered as including a new annotation of the preexisting B. oleracea sequences. The results are summarized in Table 2 . After accounting for differences in the lengths of the sequenced segments, the relative densities of genes with functional annotations and those related to transposons differ both between homoeologous segments and between the A and C genomes. The highest densities of predicted genes with functional annotation, >20 per 100 kb, are in B. rapa Contigs B, C, and D and B. napus A genome Contigs C and D. The lowest densities, 
Overall Alignment of Homoeologous Genome Segments
We first compared the overall similarity of each of the homoeologous regions of the A and C genomes at the nucleotide level using MUMmer (Kurtz et al., 2004) Figure 1 ) show a high degree of similarity along their entire length, as do the C genomes of B. oleracea and B. napus (e.g. Figure 2 ). In Contig E, there is one inversion, at the end of the A genome segments. In addition to annotated genes, the collinearity includes both intergenic regions and transposons and is punctuated by numerous small insertion/deletion (InDel) events. By contrast, comparisons between the A and C genomes, from either the two diploids (B. rapa and B. oleracea) (e.g. Figure 3 ) or the allotetraploid B. napus (e.g. Figure 4 ) showed more fragmented collinearity. This is due primarily to transposon insertions in the C genomes relative to the A genomes and is most pronounced in Contigs C and E.
Detailed Alignment of Sequence Annotations
VISTA plots (Frazer et al., 2004) provide highly informative visualizations of the similarities and differences between homoeologous chromosome regions. A query sequence is compared with a reference sequence and the annotation on that reference sequence. In the resulting plot, the nucleotide coordinates and annotation are those of the reference sequence, with the y axis showing percentage of identity between the two sequences (computed in 100-bp windows). Different colors are used to draw attention to conservation in exons and in noncoding sequences. Gaps reflect sequence that is present in the reference sequence but absent from the query sequence. For each set of homoeologous regions, VISTA plots were generated for reciprocal analyses of the two versions of the Brassica A genome and for the two versions of the Brassica C genome, as shown in Supplemental Each red dot denotes a MUM (a region of maximum unique match) with the apparently continuous lines being produced by the proximity of adjacent matches. Matches on the reverse strand are shown in blue.
Figures 18 to 39 online. These reveal extensive sequence conservation between both coding and noncoding regions, as would be expected for such closely related genomes. They also show that there is extensive variation by InDel events throughout all of the contigs.
Comparative Genome Analysis
We compared the genome segments with each other and with the corresponding region of the genome of Arabidopsis on the basis of their gene annotations. To identify sets of orthologous genes, each set of predicted proteins was searched against the Arabidopsis proteome. The results are summarized in Figure 5 and show that there is extensive conservation of both gene order and gene content across each set of related genome segments. The phylogenies of the protein families match those expected from the assignment of genomic regions to Contigs A to F. An example is shown in Figure 6 . There were, however, several instances of genes being modeled for some, but not all, members of a set of segments related across genomes. To assess whether or not there were related sequences in these regions lacking an expected gene model, we analyzed all of the sequence contigs by deconstructing them to 1000-bp overlapping segments and used BLASTN to identify sequence similarity to the coding regions of genes annotated in Arabidopsis, as described previously (Town et al., 2006) . The results of the analyses, for B. rapa and B. napus sequences, are available in Supplemental Table 1 online. The results of alignment to the homoeologous regions of the Arabidopsis genome are summarized in Supplemental Figure 40 online. This analysis revealed 21 instances (circled in Supplemental Figure 40 online) of the presence of sequences, in collinear positions, related to Arabidopsis gene models, but which had not been incorporated into gene models during the annotation process. In none of these cases could manual intervention produce intact homologous gene models. Rather, they represent instances of partial deletions of genes from particular Brassica genomic regions, leaving collinear conserved gene fragments as noted previously for B. oleracea (Town et al., 2006) . None of these 21 instances, which occur across nine gene families, involve genes predicted to be involved in transcription or cellular communication/transduction. The analysis also enabled the identification in the sequences derived from B. rapa and B. napus of many interspersed gene fragments, as first described in Brassica species in B. oleracea (Town et al., 2006) .
We identified one example of nontandem gene duplication. This involves, in Contig C, a second copy of a gene with high similarity to At5g47590 occurring between orthologs of At5g47600 and At5g47610. This is the only instance of disrupted collinearity with the corresponding regions of the genome of Arabidopsis. There is one example of a noncollinear (with respect to Arabidopsis) homologous sequence that is conserved across the A and C genomes: sequences with similarity to At3g43790 (annotated as a carbohydrate transporter, which has ;88% identity in exon regions) in Contig E.
Timing of Genome Divergence
Previous studies have estimated that the Brassica A and C genomes, as represented in B. rapa and B. oleracea, diverged;3.7 Mya (Inaba and Nishio, 2002) . The approach used (PCR amplification from genomic DNA of specific genes for sequencing) is problematic in polyploids such as B. napus, as both homoeologs tend to coamplify. Thus, the time of divergence of the A and C genomes as represented in natural B. napus and their homoeologs in B. rapa and B. oleracea, respectively, has not been determined. We used the sequences we had obtained to estimate the timing of these events for each genomic region separately. As summarized in Tables 3 to 8 , the contigs contained varying numbers of complete sets of gene families conserved across all four homoeologous genome segments, from 3 in contig F to 15 in Contig C. In addition, 23 genes are conserved between the Contig A homoeologs (which were identified in the C genome only). Synonymous base substitution rates, Ks values, were calculated between the B. oleracea and B. rapa orthologs for each of the genes in Contigs B to F. Using the commonly adopted estimate of mutational rate of 1.5 3 10 28 synonymous substitutions per site per year (Koch et al., 2000) , the time at which the B. oleracea and B. rapa lineages diverged can be estimated. The mean values, as summarized in Table 9 , are in excellent agreement with the previously estimated timing of this divergence, 3.7 Mya (Inaba and Nishio, 2002) , validating the mean Ks values of these sets of genes as being an appropriate measure. We therefore used the same approach to quantify the relatedness and divergence times of the A and C genomes as represented in the diploid species (B. oleracea and B. rapa) and the allotetraploid B. napus. The results are shown in Table 9 . The estimated time since divergence of the B. napus genome segments (as represented in Contigs A to F) from those representative of their progenitor species differed considerably between the regions studied. In the B. napus C genome, the most closely related segment to that in B. oleracea was Contig E, with a mean estimate of 0.12 Mya. The most 
Divergence of Homoeologous Genome Segments by Single Nucleotide Polymorphisms and InDels
To quantify relative expansion or contraction in length of related Brassica genome segments, we calculated the length of sequence encompassing gene models representing complete sets of conserved genes, from the beginning of the first collinear gene model, to the end of the last. The results are summarized in Table 10 . Contigs C and E show considerable expansion in the C genome relative to the A genome, with the remainder of the regions being of more similar lengths in the two genomes. The A genome regions in B. napus are generally (four cases out of the five analyzed) shorter than in B. rapa, whereas the C genome in B. napus (four cases out of the six analyzed) is more frequently longer than in B. oleracea. The sequenced genome segments contain similar amounts of coding sequence, but the expanded C genome segments show a much increased content of transposon-related and noncoding sequences. The extent of sequence divergence between A and C genomes is of relevance for assessing the feasibility of developing homoeolog-specific molecular markers and to monitor homoeolog-specific gene expression in B. napus. In addition, any differences between rates of polymorphism occurrence between different fractions of the genome may be indicative of differential constraints on polymorphism generation and retention.
We assessed the single nucleotide polymorphism (SNP) content of the coding regions of the genes conserved across sets of related genome segments. This includes both synonymous and nonsynonymous polymorphisms and provides a measure of the polymorphism specifically within the transcriptome. The results are shown in Table 11 . The relative rates of polymorphism are all consistent with the relative periods of time estimated since the divergence of the genome segments (as shown in Table 9 ). The lowest polymorphism rate was observed between the Contig E orthologs in B. oleracea and B. napus C genome: SNPs were present at a frequency of 0.16%. The greatest polymorphism rate was observed between the Contig E orthologs in B. rapa and B. napus A genome: SNPs were present at a frequency of 1.49%. We then assessed the overall polymorphism content of the genome segments (including the coding sequences). This provides a measure of the polymorphism within A genomic sequences and within C genomic sequences (but not between A and C). The results are shown in Table 11 . The relative rates of polymorphism are broadly consistent with the polymorphism rates observed within coding sequences. For example, the least polymorphic genome segments by both analyses are the C genome Contig A and Contig E regions, whereas A genome Contig C and Contig E are among the most polymorphic.
In addition to sequence evolution by single nucleotide mutation, leading to SNPs, insertion-deletion events can also give rise to polymorphisms termed InDels. We assessed the number and sizes of InDels between the genome segments in B. napus and the representatives of the progenitor sequences, including both coding and noncoding sequences. The results are shown in Table 11 . The relative rates of InDel polymorphism are consistent with the SNP polymorphism rates observed both within coding sequences and overall. For example, the lowest InDel polymorphism rates were observed between the C genome Contig A and Contig E regions, whereas A genome Contig C and Contig E are among the most polymorphic. The size distribution of the InDels detected is shown in Figure 7 for the Contig E region and Supplemental Figures 41 to 45 for the remaining regions. Although the majority of InDels are very small, mostly under 4 bp, there are numerous larger ones.
Comparison of the A Genome in B. napus, B. rapa ssp trilocularis, and B. rapa ssp pekinensis Although a BAC-based physical map has been developed for B. rapa ssp trilocularis (http://brassica.bbsrc.ac.uk/IGF/), the Brassica rapa Genome Sequencing project selected a Chinese cabbage, B. rapa ssp pekinensis var Chiifu, for genome sequencing (http://brassica.bbsrc.ac.uk/brassica_genome_ sequencing_concept.htm). Consequently, the extent to which the genome of B. rapa ssp pekinensis represents the A genome of B. napus is of particular importance.
A BAC library, named KBrH, has been constructed using genomic DNA of B. rapa ssp pekinensis var Chiifu (Park, et al., 2005) . We sequenced a portion of clone KBrH138O03 that overlaps with the B. rapa ssp trilocularis and B. napus A genome Contig E segments that we have analyzed at the sequence level. In total, 17,653 bp could be aligned across all three genomes. Over this overlapping region, the B. rapa ssp trilocularis and B. napus A genome sequences differ at 293 bases (1.66%), the B. rapa ssp trilocularis and B. rapa ssp pekinensis sequences differ at 111 bases (0.63%), and the B. rapa ssp pekinensis and B. napus sequences differ at 316 bases (1.79%). To ensure that the three sequences are of consistently high quality, 10 regions rich in polymorphisms were resequenced. All polymorphisms were validated. Therefore, we conclude that the B. rapa genomes are substantially more closely related to each other then they are to the A genome of B. napus and that the genome of B. rapa ssp trilocularis may be slightly more representative of the A genome of B. napus than is the genome of B. rapa ssp pekinensis, at least in this region.
DISCUSSION
Conservation of Gene Order in Brassica Genomes
As had been shown previously for the B. oleracea genome segments (Town et al., 2006) , the homoeologous B. rapa and both B. napus genome segments show almost perfect conservation of gene order with the homoeologous regions of the Arabidopsis genome. Breakdown of collinearity of apparently intact genes between the genomes of Arabidopsis and Brassica species has been postulated to be the consequence of transposition of intact genes (Town et al., 2006) . However, as these were present in only one paralogous Brassica genome segment and only one representative of the paralog (that of B. oleracea ssp alboglabra A12DH) was analyzed, it was unclear when the putative transposition took place. We have identified an additional example of an apparently intact gene in a noncollinear position, a gene very similar (;88% nucleotide identity in exon regions) to At3g43790. This gene is in a position not covered by the B. oleracea sequence, but is present, in conserved positions, in the sequences from B. rapa and both genomes of B. napus. We have reexamined the sequences from the paralogous regions of the B. oleracea genome (Contigs D and F in O'Neill and Bancroft, 2000; Town et al., 2006) , which do cover the corresponding region. The gene is not present in either. Therefore, we conclude that the most likely explanation is that the transposition of a gene with homology to At3g43790 occurred after the divergence of the lineages leading to Arabidopsis and Brassica, in only one of the paralogous ancestral Brassica genomes, but before the divergence of the Brassica A and C genome lineages. We identified 21 instances of partial gene loss, where remnants of genes could be identified based on nucleotide sequence similarity, but which could not be included in gene models. None of these involved genes inferred to be involved in transcription or cellular communication/signal transduction, which is consistent with the hypothesis that dosage-sensitive genes are preferentially retained following genome duplication.
Chronology of Brassica Genome Divergence
Using the synonymous base substitution rates in sets of genes conserved across homoeologous genome segments, we estimated that the A and C genomes as represented in B. rapa and B. oleracea diverged between 2.57 and 4.23 Mya, in agreement with previous estimates (Inaba and Nishio, 2002) . Our estimates of the timing of divergence of the B. napus genomes relative to the genomes of B. oleracea and B. rapa differed considerably between the genome regions studied, varying between mean estimates of 0.12 and 1.37 Mya. This is unlikely to be indicative of a difference in nucleotide substitution rates across different regions of the genome of B. napus. Rather, because the precise lines of B. oleracea and B. rapa that hybridized to form natural B. napus are unknown, these results more likely indicate that different parts of the genome of B. napus, as represented by European Winter oilseed rape variety Tapidor, were derived from different lines of B. rapa and B. oleracea, none of which were identical to the representatives of these species that we studied (i.e., B. oleracea ssp alboglabra A12DH and B. rapa ssp trilocularis RO18). Further analyses, based on overall sequence polymorphism rates, showed that the B. napus A genome, as represented in Contig E, may be slightly more diverged from that of B. rapa ssp pekinensis var Chiifu (which is the subject of the Brassica genome sequencing effort) than it is from B. rapa ssp trilocularis.
Genome Evolution by SNP and InDel Mechanisms
The majority of polymorphisms distinguishing the two Brassica A genomes or the two Brassica C genomes are SNPs. These vary in abundance approximately in proportion to the estimated time since divergence of the genome segments, for example, the relatively closely related C genome Contig E regions, which diverged ;0.12 Mya, show an overall genomic SNP rate of 0.47%, whereas the more distantly related A genome Contig E regions, which diverged ;1.25 Mya, show an overall genomic SNP rate of 1.73%. In addition to SNPs, the Brassica genomes differed by InDels. These occur at high frequency, on average 0.55 per kb between the relatively closely related C genome Contig E regions and 3.73 per kb between the more distantly related A genome Contig E regions. Their abundance in Brassica genomes is consistent with the previously observed ease of identification of molecular markers based on InDel differences (http://brassica.bbsrc.ac.uk/IMSORB/). In two of the regions of the genome that we studied, Contig C and Contig E, the C genome was found to be greatly expanded relative to the A genome, primarily by the insertion of transposable elements.
Indeed, the size of the genome of B. oleracea is, at ;600 Mb, significantly larger than that of B. rapa, which is ;500 Mb (Arumuganthan and Earle, 1991) . Therefore, this overall genome expansion may be attributable at least partly to transposon amplification in euchromatic regions.
Perspectives on Genome Evolution
The gross structure of the Brassica genomes appears to have evolved by a series of polyploidization, segmental duplication, and deletion events in varying proportions dependent upon whether a paleohexaploid or paleotetraploid ancestor was involved. Three complete sets of three related paralogous genome segments have been sequenced, two in B. oleracea (Town et al., 2006) and one in B. rapa (Yang et al., 2006) . If evolution had proceeded via a paleotetraploid with subsequent segmental duplication, the extant representative genome segments in the diploid species would show evidence in the triplicated genomic regions of two distinct duplication events. In none of the three cases examined to date was this observed; rather, all three paralogs were approximately equally diverged in each case. This favors the hypothesis of a paleohexaploid ancestor. A later segmental duplication has been characterized at the sequence level and was estimated to have occurred ;0.8
Mya (Yang et al., 2006 ) (i.e., very much later than the hypothesized hexaploidy). Definitive proof of segmental deletions is difficult, especially for small segments when using approaches based upon molecular markers and linkage maps, as have been conducted to date (Parkin et al., 2005) , but is very likely to have occurred. Small-scale deletions have been observed at the level of genome microstructure and sequence in Brassica (O'Neill and Bancroft, 2000; Rana et al., 2004; Town et al., 2006; Yang et al., 2006) . Thus, B. napus represents an excellent model system in which to study the process of diploidization following polyploidy. There is clear evidence that resynthesized B. napus shows a high rate of genome change (Song et al., 1995; Udall et al., 2004; Lukens et al., 2004) , and this continues for at least five generations following polyploidy, leading to qualitative changes in the expression of specific genes and phenotypic variation (Gaeta et al., 2007) . The genetic changes are likely to involve homoeoogous nonreciprocal transpositions (Gaeta et al., 2007) . Natural B. napus may have evolved or inherited a locus controlling homoeologous recombination (Jenczewski et al., 2003) , so such a high rate of genome change may not have occurred for long, if at all. We found no evidence within the B. napus genome of homoeologous exchanges (i.e., the genes in the B. napus A genome were most closely related to the genes in B. rapa, and the genes in the B. napus C genome were most closely related to the genes in B. oleracea).
Our studies were successful in providing estimates of the timing of the divergence of the A and C genomes as represented in B. napus and its progenitor species. These differed considerably between different regions of the B. napus genome, indicating that the genome of oilseed rape, as exemplified by var Tapidor, is likely to have been derived from multiple different progenitors with varying degrees of relatedness to B. oleracea ssp alboglabra A12DH and B. rapa ssp trilocularis RO18 or ssp pekinensis Chiifu. It is highly unlikely that we will be able to differentiate between the genome changes that occurred before the formation of B. napus and those which have occurred subsequently.
Our analyses confirm that interspersed gene fragments, first described in Brassica species in B. oleracea (Town et al., 2006) , also occur in B. rapa and B. napus. These fragments contain introns so are of genomic origin. The process of incorporation into regions of the genome of unspliced fragments of unlinked cellular genes has been termed transduplication (Juretic et al., 2005) and has been observed to have been mediated by MULE, CACTA, and Helitron elements (Jiang et al., 2004; Lai et al., 2005; Zabala and Vodkin, 2005) . Although the capture mechanism is not understood, it is likely a consequence of the rolling-circle mechanism of transposon replication (Feschotte and Wessler, 2001 ). The resulting insertions can contain fragments of many genes (Morgante et al., 2005) . Although these are generally pseudogenes (Gupta et al., 2005) , they frequently appear to be transcribed . Transduplication of an apparently functional gene by a MULE has been reported in Arabidopsis (Hoen et al., 2006) . Thus, both transposon-mediated assembly of novel genes and transposon-mediated dispersal of duplicates of functional genes to new positions within the genome have been described in plants. The Brassica genomes show evidence of the consequences of such genome evolutionary mechanisms and represent a new group of related plant species in which to study them. In addition, knowledge of these characteristics of Brassica genomes will be important for comparative genomic approaches for the exploitation of the emerging B. rapa genome sequence.
Our results are consistent with the plasticity of the genomes of Brassica species being similar to those of cereal genomes (Morgante, 2006) . It seems likely that the genomes of many of the world's major crop species are evolving and diverging so quickly that we should expand our perspective to consider their pan-genomes, a concept that has been put forward for some bacterial species (Tettelin et al., 2005) . The pan-genome comprises a core shared genome and a variable fraction partially shared between lines and acknowledges that the genome of a species is not fully represented by the genome sequence of any single line. Ongoing generation of genetic variation would be consistent with a hypothesis that the continued success in breeding improved varieties of crops such as oilseed rape and wheat (Triticum aestivum), despite very narrow genetic bases, is underpinned by the inherent properties of their genomes to evolve at the sequence level.
METHODS
BAC Sequencing
The KBrH138O03 clone, which was donated by the Korea Brassica Genome Resource Bank, was sequenced as described previously (Yang et al., 2006) . The remaining BACs were sequenced essentially as described previously (Town et al., 2006) .
Sequence Annotation
Gene predictions were made using Genemark.hmm (Lukashin and Borodovsky, 1998) version 3.3b 76 and the Arabidopsis thaliana matrix. This was also the default program used for gene calling both for Arabidopsis annotation (Haas et al., 2005) and the previous Brassica oleracea annotation (Town et al., 2006) . Changes in the program since our previous annotation of B. oleracea contig E necessitated reannotating this contig with the newer version of the program to provide uniformity for comparisons across the contigs. Limited manual curation of gene models was performed to resolve inconsistencies between paralogous gene models uncovered during phylogenetic analysis. Gene models were assigned functions based upon database matches or HMM domain content as described previously. Gene predictions with similarity to known transposons were identified by searching against a curated set of transposon-encoded proteins (ftp://ftp.tigr.org/pub/data/ TransposableElements/transposon_db.pep). Predicted proteins <100 amino acids in length with no database match were excluded from the final annotation.
VISTA plots (Frazer et al., 2004) were generated using the Web interface hosted at the Lawrence Berkeley Labs (http://genome.lbl.gov/vista/ mvista/submit.shtml) using the AVID alignment option (Bray et al., 2003) .
Phylogenic Analysis of Protein Families
Phylogenetic and molecular evolutionary analyses were conducted using MEGA version 4 (Tamura et al., 2007) . Protein sequences were aligned using ClustalW using the following default parameters: for pairwise alignments, a gap opening penalty = 10 and a gap extension penalty = 0.1; for multiple alignments, a gap opening penalty =10 and a gap extension penalty = 0.2. The protein weight matrix used was Gonnet with residue-specific penalties ON, hydrophilic penalties ON, a gap separation distance = 4, end gap separation OFF, use negative matrix OFF and delay divergent cutoff = 30%. Phylogenetic trees were constructed by the neighbor-joining method using default parameters as follows: gaps/ missing data, complete deletion; model, amino: Poisson correction; substitutions to include, all; pattern among lineages, same; rates among sites, uniform. The alignments used for phylogenetic analysis are available as Supplemental Data Set 1 online.
Calculation of Ks Values
The analysis was performed by comparing sets of four BACs or BAC contigs representing Brassica napus A genome, Brassica rapa A genome, B. napus C genome, and B. oleracea C genome. Varying numbers of hypothetical genes families were involved in the analyses, and all the contigs were compared against one another for each hypothetical gene family. The Bioperl (Stajich et al., 2002) script bp_pairwise_kaks.pl was used to perform the analyses. The script works by taking as input two cDNA sequences that are going to be compared, translating these sequences to their corresponding protein sequences, aligning the protein sequences using ClustalW (Larkin et al., 2007) , and then using the protein alignments together with the cDNA sequences to calculate the Ka, Ks, and Ka/Ks ratio by implementing the yn00 method (Yang and Nielsen, 2000) , which is part of the PAML distribution (Yang, 2007) .
Estimation of SNP and InDel Content
SNPs and Indels among the sequenced BACs were identified using MUMmer (Kurtz et al., 2004) with InDels identified between the genome segments by calculation of the difference in base pair coordinates of consecutive aligned SNP positions. 
